We report on the growth kinetics of semipolar ͑11− 22͒ InGaN layers by plasma-assisted molecular beam epitaxy. Similarly to ͑0001͒-oriented InGaN, optimum growth conditions for this crystallographic orientation correspond to the stabilization of two atomic layers of In on the growing InGaN surface, and the limits of this growth window in terms of substrate temperature and In flux lie at same values for both polar and semipolar material. However, in semipolar samples, the incorporation of In is inhibited, even for growth temperatures within the Ga-limited regime of polar InGaN growth.
We report on the growth kinetics of semipolar ͑11− 22͒ InGaN layers by plasma-assisted molecular beam epitaxy. Similarly to ͑0001͒-oriented InGaN, optimum growth conditions for this crystallographic orientation correspond to the stabilization of two atomic layers of In on the growing InGaN surface, and the limits of this growth window in terms of substrate temperature and In flux lie at same values for both polar and semipolar material. However, in semipolar samples, the incorporation of In is inhibited, even for growth temperatures within the Ga-limited regime of polar InGaN growth. © 2010 American Institute of Physics. ͓doi:10.1063/1.3427310͔ Semipolar III-nitride semiconductors are subject of intense investigation as preferred growth orientation for green/ yellow light emitting diodes and lasers. [1] [2] [3] In addition to the reduction in the polarization-induced internal electric field, 4 semipolar GaN orientations potentially offer the possibility of higher indium incorporation. 5, 6 The achievement of ͑11− 22͒-oriented devices by plasma-assisted molecular beam epitaxy ͑PAMBE͒ depends on the understanding of the growth mechanisms for this particular crystallographic orientation. In this paper, we investigate the In kinetics during the PAMBE growth of semipolar InGaN͑11− 22͒ layers. Indium desorption studies confirm that it is possible to stabilize two monolayers ͑ML͒ of In on the GaN͑11− 22͒ surface, and the limits of this growth window in terms of substrate temperature and In flux lie at the same values for both polar and semipolar material. However, an inhibition of In incorporation is observed in comparison to polar InGaN͑0001͒.
The growth of III-nitrides by PAMBE requires a precise control of the metal-to-nitrogen flux ratio. Since these materials exhibit high melting temperatures, low temperature growth methods like PAMBE produce rough morphologies for wide range of growth conditions. Smooth surfaces are achieved under metal-rich conditions, due to the enhancement of the adatom diffusion length underneath a thin metal layer adsorbed on the growing surface. 7, 8 The thickness of this metallic wetting layer depends on the semiconductor ͑GaN, AlN, or InN͒ and on its crystallographic orientation, 9 and can be perturbed by the presence of dopants. 10 Therefore, prior to InGaN growth, it is necessary to determine the range of In fluxes at which In is adsorbed on the GaN͑11− 22͒ surface forming a self-regulated wetting layer. These experiments were performed using reflection high energy electron diffraction ͑RHEED͒ in the PAMBE growth chamber, on a semipolar 125 nm thick GaN͑11− 22͒ layer deposited on a 125 nm thick AlN͑11− 22͒ buffer layer on m-sapphire. Details of the growth of ͑11− 22͒-oriented GaN and AlN were reported elsewhere. 9, 11 For comparison purposes, the same experiment was performed on a 100 nm thick GaN͑0001͒ layer grown on a commercial 4 m thick GaN-on-sapphire template. The stability and thickness of the In wetting layer on GaN was evaluated by exposing GaN to the In flux for a certain time, t exp , so that an In film is deposited on the surface. After shuttering the In cell, we record the transient in the RHEED specular beam intensity during In desorption. The duration of the desorption transient is related to the thickness of the original In film. Detailed description of this measurement procedure was reported elsewhere. 12 The variation in the RHEED specular intensity during the desorption of In from polar GaN͑0001͒ and semipolar GaN͑11− 22͒ was recorded as a function of the impinging In flux, as shown in Fig. 1 . In order to guarantee that the desorption process starts from dynamically-stable conditions, the sample was exposed to In for t exp = 1 min. For certain a͒ Electronic mail: aparna.das@cea.fr. ranges of In fluxes, we can delimit stable regimes where the desorption time ͑i.e., the In coverage͒ remains constant ͑see dashed lines in Fig. 1͒ . At high In fluxes ͑Ͼ0.32 ML/ s͒, the duration of the transient increases rapidly, which is an indication of the accumulation of In forming droplets on the surface.
From the measurements of the desorption transient as a function of the impinging In flux, we can calculate the In coverage on GaN using the equations in Ref. 12 . The results for GaN͑0001͒ and GaN͑11− 22͒ are illustrated in Fig. 2 . In the case of GaN͑0001͒, we observe two stable regimes, corresponding to an In coverage of c = 1 ML and c ϳ 2 ML, in agreement with previous experimental results 12, 13 and ab initio calculations. 5, 7 In contrast, for the case of GaN͑11− 22͒, the In coverage increases gradually with the impinging In flux, reaching a maximum stable coverage of 1 ML before accumulation. It is important to remind that in all these experiments, the In coverage represents an atomic density corresponding to a number of ͑0001͒-oriented MLs, i.e., 9.2 ϫ 10 14 atoms/ cm 2 for relaxed InN. On the ͑11− 22͒ plane, this surface atomic density corresponds to the distribution of the atoms in two layers, as illustrated in the inset of Fig. 2 and previously described. 6, 9 These results are in excellent agreement with a recent prediction using first-principles calculations. 6 An important result of these measurements is that the range of In fluxes corresponding to the stabilization of 1 ML of In on ͑11− 22͒-oriented GaN ͑0.09 to 2.3 ML/s for T S = 654°C in Fig. 2͒ fits well with the window of 2 ML of In on ͑0001͒-oriented GaN. As a result, InGaN͑11− 22͒ and InGaN͑0001͒ are expected to have compatible growth conditions and simultaneous growth of both orientations should be possible by PAMBE. With this information, semipolar InGaN͑11− 22͒ layers were grown by PAMBE on top of a 280 nm thick GaN͑11− 22͒ layer deposited on a 140 nm thick AlN͑11− 22͒ buffer layer on m-sapphire. Simultaneously, InGaN͑0001͒ layers were grown on top of 4 m thick commercial GaN-on-sapphire templates. The N-limited growth rate was fixed to 0.28 ML/s, i.e., ϳ250 nm/ h. To ensure good reproducibility, the substrate temperature was measured by comparing the duration of the In desorption transient from GaN͑0001͒ for an impinging In flux within the 2 ML stability regime. The Ga flux was fixed to 0.22 ML/s and the substrate temperature was varied from T S = 616°C to T S = 685°C. The growth time of the InGaN layer was 1 h. The surface morphology of the growing layers was monitored in situ by RHEED. The crystallographic orientation of the layers is confirmed in situ by the RHEED patterns and ex situ by transmission electron microscopy.
The alloy composition of the InGaN films was determined by Rutherford backscattering spectrometry ͑RBS͒ using a collimated 2 MeV 4 He + ion beam. The detection angle was 140°and the detector resolution was 15 keV. To avoid channeling effects and increase the depth resolution, the samples were tilted 20°off the sample normal. RBS spectra simulations and fitting were performed using the NDF code.
14 Figure 3 compares the RBS spectra from the polar and the semipolar InGaN samples grown simultaneously at T S = 659°C, showing a remarkable difference in In incorporation. In the inset of Fig. 3 , we summarize the In mole fraction as a function of the substrate temperature for polar and semipolar samples extracted from simulations of the RBS profiles. In the case of polar samples, the In content at low temperatures remains around 0.20, which indicates that the In incorporation is limited by the Ga flux. When increasing the substrate temperature beyond 670°C, the In mole fraction decreases due to In segregation, in agreement with previous reports. In contrast, in the case of semipolar samples, the In mole fraction remains significantly lower-about five times lower for T S = 649°C, where polar samples have well entered the Ga-limited incorporation regime.
These results are in good agreement with the optical properties of layers, characterized by photoluminescence ͑PL͒ spectroscopy exciting with a continuous-wave frequency-doubled Ar laser ͑ = 244 nm͒ with a power around 200 W focused on a 50 m spot. The PL emission was measured using a single Jobin-Yvon monochromator ͑focal length= 0.46 m͒ coupled to a liquid-N 2 cooled chargecoupled device camera. The low temperature PL spectra from polar and semipolar InGaN layers grown at various substrate temperatures are presented in Fig. 4 . The PL from polar InGaN redshifts for decreasing growth temperature and Moreover, experimental results by methalorganic vapor phase epitaxy showed similar or higher In incorporation in the ͑11− 22͒ plane compared to the ͑0001͒ plane. 15, 16 However, it is important to keep in mind that semipolar InGaN͑11− 22͒ layers grown by PAMBE present threedimensional features with preferential facets whatever the III/V ratio, as illustrated by the RHEED patterns and atomic force microscopy ͑AFM͒ image in Fig. 5 . This faceted growth is attributed to a modification of the surface energy balance in presence of In-let us remind as a comparison that, in the case of InGaN͑0001͒, the formation of ͕10− 11͖ faceted pits is favored by the reduction in the ͕10− 11͖ surface energy in presence of In. 5 Since In incorporation is known to depend on the crystallographic orientation-for instance, enhanced in ͕10− 11͖ planes or inhibited in ͕1-100͖ planes-the role of faceted growth in the inhibition of In incorporation for the ͑11− 22͒ plane might not be negligible.
In conclusion, we report a comparison of the growth mechanisms of polar ͑0001͒ and semipolar ͑11− 22͒ InGaN layers by PAMBE. Optimum growth conditions for both crystallographic orientations correspond to the stabilization of 2 ML of In on the growing InGaN surface, in excellent agreement with first-principles calculations. 6 The limits of the growth window in terms of substrate temperature and In flux lie at same values for polar and semipolar material. However, the In incorporation is different for polar and semipolar layers grown simultaneously. In polar samples, the In incorporation is limited by the Ga supply at low temperature, and decreases for growth temperatures higher than a certain threshold due to In segregation. In semipolar samples, RBS and PL measurements indicate lower In incorporation, even for substrate temperatures 40°C below the segregation threshold for polar InGaN. 
